Introduction
Optical metasurfaces are currently receiving tremendous attention from the nanophotonics community due to their prospects in creating new optical functionalities and miniaturizing existing optoelectronic devices [1] [2] [3] [4] [5] [6] . Many exciting applications have already been realized, such as carpet cloaking, high-numerical-aperture lenses, and structural colors [7] [8] [9] [10] . The metasurfaces are typically fabricated by top-down nanolithography, where meta-atoms of specific shape, size, and material, are placed periodically on a substrate. The top-down approach is costly and intricate as it involves electron-beam lithography to ensure subwavelength meta-atom sizes, and as such often excludes metasurfaces consisting of meta-atoms of several materials. However, multimaterial metasurfaces are promising for broadband performance [11] and for realizing different functionalities at different wavelengths. As an example, multi-material metasurfaces open up the possibility of combining Huygen's metasurfaces with plasmonic metasurfaces [12] to realize, e.g., highly directional phase-gradient metasurfaces. In general, multi-material metasurfaces offer an interesting design knob by being able to combine localized plasmon and high-refractive-index Mie resonances with delocalized photonic-crystal resonances.
Realizing different types of optical responses within a single metasurface is unprecedented, largely because of the fabrication difficulties associated with it. Here, we introduce a conceptually simple approach to designing multi-material metasurfaces. Instead of pre-designing an inhomogeneous metasurface with meta-atoms of different materials at different positions (top-down approach), we prepare a homogeneous metasurface where each meta-atom is identical and consists of two materials. By using resonant laser printing [13] [14] [15] we optically post-process our bi-material metasurfaces to change the ratio of the two materials. Our approach allows us to avoid top-down lithography altogether and we therefore prepare our metasurface using self-assembled polystyrene spheres (bottom-up approach) [16, 17] , which are subsequently coated with silver. The optical response of the silver-coated polystyrene spheres is dominated by a localized plasmon resonance. Depending on the pulse energy, resonant laser printing locally deforms or ablates the silver coating, which reveals the delocalized photonic-crystal response of the polystyrene spheres. The result is a bi-material metasurface consisting of meta-atoms of varying amount of silver-to-polystyrene material, which we use to create structural colors with high resolution (over 20.000 dots per inch).
Results and discussion
The laser processing of our self-assembled metasurface is schematically shown in Fig. 1(a) . The metasurface is prepared by confining the polystyrene nanoparticle suspension (400 nm, diameter) with capillary forces using two parallel glass slides. We use a rectangular wedge-shaped cell with three open sides, which ensures that the contact drying front of the colloidal suspension forms a convex curve. As the solvent evaporates the convective flow lines up the polystyrene spheres to the drying front to create a hexagonal lattice [18] . Subsequently, we sputter 30 nm of silver on the polystyrene hexagonal lattice, which results in a dome-shaped silver layer on top of the polystyrene particles, see Fig. 1 (a). The silver layer induces a purely plasmonic response of the metasurface, which can be seen from the localization of the electric field to the silver capping layer [ Fig. 1(b) ]. Post-processing the metasurface with a pulsed laser allows us to gradually change the optical response from plasmonic to more photonic by reshaping the silver cap. With sufficiently large pulse energies, we can ablate the silver cap, which leads to a purely photonic response where the reflection dip occurs due to a weak Fabry-Pérot-type resonance in the polystyrene spheres [ Fig. 1(c) ].
We design the metasurface using a laser-processing technique known as digital resonant laser printing (DRLP) [13] [14] [15] 19] . Here, the silver layer is reshaped by briefly heating it above its melting temperature using a nanosecond-pulsed laser [20, 21] wavelength close to the localized surface plasmon (LSP) resonance, we can spatially localize the heating process due to the strong electric field confinement of the LSPs. The spatial resolution of DRLP is a convolution of the Gaussian distribution of the laser beam and the nanoscale electric field confinement of LSPs, which can lead to sub-diffraction resolution [14] . For our bi-material metasurface, the electric field is strongly localized in the gap between neighboring polystyrene spheres [ Fig. 1(b) ], limiting our DRLP resolution to approximately 800 nm (corresponding to the diameter of two spheres). With DRLP, we can controllably transition the metasurface from the plasmonic response of the silver cap to a photonic-crystal response of the polystyrene spheres. DRLP melts the edges of the silver cap, which reduces their size, while leaving the polystyrene spheres unchanged [ Fig. 2(a)-(e) ]. The degree of the reshaping is tuned by the laser pulse energy. We use pulse energies between 0 and 30 nJ, since energies above lead to ablation of the polystyrene spheres. With a pulse energy of 30 nJ the silver is ablated [ Fig. 2(e) ], leading to the photonic state where the optical response is only due to the polystyrene spheres. The reshaping of the silver layer induces a clear change in the visible reflected color [ Fig. 2(f)-(j) ]. When viewed through a 20× microscope objective the color changes from an initial blue to purple and then finally to white. The reflectance spectra, which are collected over a large area of 500 × 500 µm 2 to average out the local inhomogeneity, also show a significant change with pulse energy [ Fig. 2(k)-(o) ]. In the pristine case, the main reflection dip, which is due to the LSP, occurs just below 600 nm [ Fig. 2(k) ]. For low pulse energies, the silver cap becomes smaller, which leads to a slight blueshift in the LSP resonance and an overall lower reflectance [ Fig. 2(l)-(m) ]. As the pulse energy increases, the amount of silver decreases, which reveals the optical response of the polystyrene spheres [ Fig. 2(n)-(o) ]. Here, a redshift of the main reflection is observed accompanied by an additional reduction in overall reflectance. To gain a detailed understanding of the experimentally observed reflectance dips, we perform three-dimensional full-field simulations (COMSOL v. 5.2a) of the pristine and completelyprocessed (i.e., ablated silver) states of our metasurface, see Fig. 3 . Simulations of the intermediate states (i.e., pulse energies less than 30 nJ) are complicated by the lack of periodicity [see Fig. 2(b) -(e)]. We therefore focus on the pristine (0 nJ) and completely-processed states (30 nJ), where we account for the hexagonal symmetry. We excite the metasurface with a normally-incident plane wave polarized along the y direction and propagating in the negative z direction. The polystyrene sphere, which is placed on an optically-thick silicon substrate, has a diameter of 400 nm and is coated with a 30 nm thick silver hemi-spherical cap. For polystyrene we use a constant refractive index of 1.59, while for silver and silicon we use the wavelength-dependent refractive indices reported in literature [22, 23] .
In the pristine case [ Fig. 3(a) ], we find three reflectance dips, in accordance with experiments. The main dip occurs at a wavelength of 585 nm and is due to the excitation of a LSP, as can be seen from the electric field profile shown as an inset. The shorter wavelength reflectance dips at 535 nm and 470 nm are due to excitation of surface waves in the plane of the periodic hexagonal metasurface, [24] where the former is still weakly influenced by the LSP (see electric field insets). Despite an overall larger reflectance in the simulations, we find that the wavelengths of the reflectance dips are in excellent agreement with the experiments. In the completely-processed state, where the silver cap is removed, the structure is essentially a photonic crystal [ Fig. 3(b) ]. Here, the main reflectance dip occurs at a longer wavelength of 670 nm. From the electric field profile and power flow arrows, we can see that the dip occurs due to a weak Fabry-Pérot-type resonance in the polystyrene spheres. At a shorter wavelength of 495 nm, another reflectance dip is observed, which is due to the excitation of a (delocalized) surface wave in the plane of the photonic crystal. From the electric field profile, we see that this mode resembles the surface wave seen for the pristine case at 535 nm. The resonance wavelength is shorter in the completely-processed case, because the periodicity is decreased due to the removal of the silver cap. The simulated reflectance spectrum is in good agreement with the experiments, although we observe an additional dip at shorter wavelengths in the experiments which is not captured in the simulations. We interpret this as a higher-order surface wave related to the periodic hexagonal structure of the metasurface. Overall, the simulations accurately capture the features observed in the experiments and reveal that the initial plasmonic response of the pristine state is transformed to a photonic-crystal response by DRLP.
We use our bi-material metasurface design approach to realize high-resolution structural colors (Fig. 4) . Structural colors based on metal or semi-conductor metasurfaces [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] have huge potential for use in surface decorations [7, 38] and color filters [39] [40] [41] and have already been upscaled using roll-to-roll methods [42] . Our bi-material metasurface can be manipulated using DRLP to draw any desired image (Fig. 4) . The image printing is fully automatic, where our software controls and synchronizes the movements of a mechanical stage and a beam polarizer where the latter controls the laser pulse energy. The different colors are achieved by varying the pulse energy at different locations, as explained in relation to Fig. 2 . This results in local modifications of the silver-to-polystyrene ratio, which locally changes the optical response from plasmonic to photonic, enabling us to realize high-resolution color printing.
Conclusions
We have introduced a conceptually simple design approach to realizing multi-material metasurfaces. The metasurface is initially prepared by homogeneously patterning the surface with two materials (polystyrene and silver) and then post-processed using nanosecond laser pulses to define meta-atoms of varying polystyrene-to-silver ratio. We show that this powerful approach allows us to avoid top-down lithography and can be used to realize large-area structural colors with high resolution. The approach can be easily extended to more than two materials, including combinations of metals and high-refractive-index materials [43, 44] , thereby extending the palette of metasurface possibilities.
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